Understanding the effect of light on stomatal behavior is mandatory for plant cultivation under controlled environmental systems. In this study, the effects of LED light quality and intensity on daily stomatal conductance (gs), stomatal aperture movement and stomatal density were investigated in petunia (Petunia hybrida Vilm.) plants under a semi-closed system. Three petunia cultivars, namely 'Coral', 'Purple' and 'Red', were grown under different light quality and quantity for 1 month and then all the parameters were measured. Results showed that 'Coral' exhibited overall higher gs than 'Purple' and 'Red'. Light quality significantly affected gs, width of stomatal aperture and stomatal density of all cultivars. The effect of light quality on gs and width of stomata aperture was strongly depended upon cultivar and time of day and there was a two-way interaction. Light intensity did not affect daily fluctuation pattern of gs but did affect the amplitude of the fluctuation. In contrast to the effect of light quality, the effect of light intensity was independent of cultivar and time of day. There was no obvious correlation between gs and width of either adaxial or abaxial stomata apertures during photoperiod. Light intensity significantly affected stomatal density which could partially explain an increasing of gs in response to increasing light intensity.
INTRODUCTION
Petunia (Petunia hybrida Vilm.) is one of the most popular ornamental potted and bedding plants with an annual wholesale value exceeding 100 million dollars in United States (Anderson, 2005) . However, conventional petunia seed and plant production is often limited by climatic condition, especially in a tropical region. An alternative petunia cultivation method is needed in order to supply enough petunia seeds and plants to meet the rising market demand. Recently, plant cultivation under controlled environmental conditions has been receiving more attention in many countries. Controlled environmental systems can produce higher quality plants that require lower pesticide use compared to conventional, open field plant production. In the case of plant factories with artificial light (PFAL), in which the system is airtight and all of the major environmental factors are tightly regulated, plant production can be done regardless of location and climatic condition (Kozai and Niu, 2016) . The typical PFAL consists of an artificial light source, air conditioning, fertigation system, CO2 enrichment system and an environmental control unit. These components are used to control all the major environmental factors to match plant demands and maximize productivity. Hence, knowledge of the physiological behaviors of certain plant species is pivotal for optimizing environmental parameters inside these controlled systems.
Stomatal behavior strongly influences photosynthesis in plants. Opening and closing of stomata directly affects stomatal conductance which is correlated with CO2 assimilation in most plants (Hogewoning et al., 2010; Kim et al., 2012) . Stomatal movement occurs partially in response to a change in quantity and quality of external factors such as light (Wheeler et al., 1999; Mott et al., 2008; Araújo et al., 2011) . For instance, daily changes in stomatal conductance are positively correlated with sunlight intensities in glasshouse grown grapes (Sabir and Yazar, 2015) . In cucumber, both CO2 assimilation rate and stomatal conductance increased in response to an increase in the proportion of blue light (Hogewoning et al., 2010) . Similarly, opening of stomatal aperture was found to be stimulated by blue light in various other plants (Lu et al., 1993; Assmann and Shimazaki, 1999; Talbott et al., 2002) . Moreover, it has been reported that stomatal response to red light is photosynthesis-dependent, whereas the response to blue light is both photosynthesis-dependent and independent (Wang et al., 2011) . Apart from light, other environmental factors, such as vapor pressure deficit (VPD), CO2 concentration and temperature, have also been shown to affect stomatal behavior (Miller and Davis, 1981; Wheeler et al., 1999; McAdam and Brodribb, 2015) .
In a controlled environmental cultivation system where light cycle, temperature, relative humidity and CO2 concentration are fairly constant, daily oscillation of stomata related parameters have been observed (Kerr et al., Vol. 55, No. 2 (2017) 
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1985; Hennessey and Field, 1991; Winter and Gademann, 1991) . This has mainly occurred due to the effect of light and dark cycles inside the system and circadian rhythms (Hennessey and Field, 1991) . Studies have also shown that shortening or extending of photoperiod affect daily CO2 assimilation patterns and plant growth in these closed systems (Kang et al., 2013; He, 2016) . Most interestingly, it has been found that adjusting light quality can change daily patterns of leaf stomatal conductance of plants grown in controlled environmental systems (Kim et al., 2004) . Nowadays, light emitting diodes (LED) has been increasingly used as a source of artificial light in controlled environmental systems due to its energy-efficiency. Although there are numerous studies exploring the effect of LED light on leaf gas exchange parameters under controlled systems, most of these focus on a single time point or short duration analysis (Turner, 1970; Talbott et al., 2002; Lee et al., 2007; Matsuda et al., 2007; Wang et al., 2011; Hernández and Kubota, 2016) . Moreover, most of these studies investigate only the effect of monochromatic or narrow wavelength light whereas there is not much information on the effect of white light on stomatal behavior. Therefore, in this study, the effects of white lights at different color temperature and red and blue lights on daily stomatal behavior were investigated in three petunia Petunia hybrida) cultivars.
MATERIALS AND METHODS

Plant material and growth condition
Seeds of petunia 'Coral', 'Purple' and 'Red' were obtained from AFM Flower Seed Co., Ltd., Chiang Mai, Thailand. All experiments were performed inside a semiclosed room equipped with air conditioners and LED light sources. Petunia plants were grown inside tiers equipped with LED tubes as a sole light source. Ventilation by fans was allowed for 15 min at 0:00, 6:00, 12:00 and 18:00. The growth condition was 25°C/25°C (day/night), 16 h of light per day and photosynthetic photon flux density (PPFD) of 150 mol m 2 s 1 (generated by T5 LED tube 6500K and 3200K (1:1)), unless stated otherwise. Relative humidity was not regulated and varied between approximately 60 83% throughout the experiment (Table 1) . Vapor pressure deficit (VPD) of the air inside the room was determined by calculating the difference between saturation vapor pressure and vapor pressure of the air temperature at the measuring time point (Lu et al., 2015) . The VPD values were fluctuated in the range of approximately 0.5 1.37 kPa during the entire experimental period (Table 1) . Seeds were germinated in plastic trays containing peat moss: coarse sand: coconut coir (1:1:1, v/v). After 10 d, seedlings were transferred to plug trays and grown for 3 weeks. Plants were supplied with 0.5 modified Hoagland solution (Epstein and Bloom, 2005) . The fertilizer solution level in the tray was monitored daily and kept constant (at approximately 1 cm) throughout experiments to avoid water stress. Petunia seedlings were then transferred to plastic pot (6 inches in diameter) and grown under various light treatments for 1 month before all data collection. All plants were at the same developmental stage (all plants had started flowering for approximately one week) when the experiments were conducted.
Characteristics of light sources and treatments Three types of white light T5 LED tubes, warm white (3200K), day light (6500K) (LEDonhome Trading Co., Ltd., Bangkok, Thailand) and Shigyo TM red and blue (RB) (Showa Denko K. K., Tokyo, Japan), were used in this experiment. Relative spectral irradiance of each LED tube was analyzed by a spectroradiometer (CAS140CT EOP-146, Instrument Systems Co., Ltd., München, Germany) at the National Institute of Metrology (NIMT), Thailand (Fig.  2) . Shigyo TM LED tube is a special design by Showa Denko Co., Ltd. (Japan). This LED tube provides specific wavelengths of red and blue light. Photosynthetically Active Radiation (PAR) was measured using a PAR meter (101EG, Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan). The PAR meter was placed at 10 cm under 2 LED light tubes of each treatment. For cultivating petunia on the shelves, LED tubes were placed 15 cm over petunia plants.
The spectra of all LED lights used in this experiment consist of 2 major parts with different peaks and spectral bandwidth (Fig. 2a d) . The first part peaks at about 445 450 nm and had a narrow bandwidth spanning across 420 480 nm, within the blue light range. In the case of 3200K and 6500K LED tubes, the second peak occurred at about 565 595 nm and had a broader bandwidth spanning across 500 750 nm, within the green and red light range (Fig. 2a, b) . Combination of 3200K and 6500K LED light at 1:1 ratio resulted in a light spectrum which is intermediate in shape between that of both LED types (Fig. 2c) . On the Environ. Control Biol. other hand, the Shigyo TM LED spectrum had a narrower second peak at 665 nm; ranging from 600 700 nm ( Fig.  2d) . At the same amount of photosynthetically active radiation (PAR), Shigyo TM LED had the highest proportion of red light followed by 3200K, 3200K 6500K and 6500K respectively (Table 2) . Shigyo TM LED also had the highest proportion of blue light followed by 6500K, 3200K 6500K and 3200K. All LED lights had a similar proportion of green light, except for Shigyo TM LED which was 18 20 times lower than the other light sources.
The experiments on light quality and light intensity were conducted simultaneously in the same room. For the light quality experiment, different types and combination of LED tubes, as described above, were used. There were 4 treatments, namely, 6500K, 3200K, 6500K: 3200K (1:1) and RB. Each treatment used 4 LED tubes (18 W each), except for RB treatment in which 2 Shigyo TM LED tubes (34 W each) were used. Each light treatment was different in spectral distribution ( 
Time-course measurement of gas exchange parameters
After exposure to each light treatment for 1 month, stomatal conductance was measured at 6 time points per day using a portable photosynthesis system LCi-SD (BioScientific Ltd., Hertfordshire, United Kingdom). The first measurement of the day was taken at 4.00, one h before the lights turned on, whereas the last measurement was taken at 22.00, one h after the lights turned off. In each time point, 1 or 2 youngest fully expanded leaves were randomly selected for measurement. To avoid the effect of mechanical injury from leaf chamber clamping, each leaf was used for only one measurement, measurements were taken on every other day for 3 d. In total, 4 measurements were taken for each time point and mean values were shown in figures.
Room conditions during the measurement are shown in Fig. 1 . For the light quality experiment, the measurements were carried out under a photosynthetic photon flux density of 150 mol m 2 s 1 , whereas, for the light intensity experiment, measurements were carried out under photosynthetic photon flux density in accordance with treatments.
Time-course measurement of width of stomatal aperture and stomatal density Measurements were taken on the 4 youngest fully expanded leaves from 3 independent plants at each time point. Epidermal impressions were made by coating clear nail polish on the middle of adaxial and abaxial surface of the leaves. Each leaf was used to generate 2 3 impressions. Leaves were held on the plants while impression materials hardened. The impressions were then detached from leaves and placed on a glass slide to observe and photograph microscopically. The pictures were used for measuring width of stomatal aperture (by using the software ImageJ) and measuring stomatal density. Four stomatal apertures were measured in each leaves. In total, 16 stomatal apertures were measured and mean values were shown in figures. For stomatal density, 2 3 leaf areas were measured for each leaves. In total, 10 areas were measured and mean values were shown in figures. Room conditions during the measurement are shown in Fig. 1 .
Experimental design and statistical analysis A complete randomized design was used for the experiment. Significant differences among means were determined by one-way ANOVA with Tukey's post hoc test at P 0.05. Interactions between independent variables were analyzed by two-and three-way ANOVA. All statistical analyses were performed using SPSS V.22 (2013). Data are reported as means standard error (SE).
RESULTS
Influence of light quality on daily pattern of stomatal conductance and width of stomatal aperture Light quality significantly affected stomatal conductance of petunia (Fig. 3a) . In all cultivars, the highest value of stomatal conductance (gs) was found in the morning, especially in the first measurement after the lights turned on ( Fig. 3a and c) . In 'Coral' and 'Purple', the highest value of gs was found in the 3200K 6500K light treatment. The
Environ. Control Biol. gs of all cultivars declined continuously through the afternoon and reached the lowest value when the lights turned off. 'Coral' exhibited overall higher gs values compared to those of the other two cultivars. There were significant two-way interactions between light quality cultivar, light quality time of day and cultivar time of day on daily stomatal conductance (Fig. 3a) .
Width of petunia stomatal aperture was significantly
Vol. 55, No. 2 (2017) affected by light quality (Fig. 4a and b) . For adaxial stomata of all cultivars, the widest stomatal aperture was found in 6500K 3200K light treatment (Fig. 4a, c and e) . The narrowest stomatal aperture was found in the dark period. In 'Coral', the 6500K 3200K light treatment resulted in the widest stomata aperture during the dark period. Based on ANOVA results, there were significant interactions between: light quality cultivar, light quality time of day and cultivar time of day on daily width of abaxial and adaxial stomata aperture (Fig. 4a and b) . Three-way interaction between light quality cultivar time of day was also found to be significant for daily width of both adaxial and abaxial stomata ( Fig. 4a and b) .
The influence of light quality on stomatal density
The effect of light quality on stomatal density varied greatly among petunia cultivars ( Fig. 5a and b) . In 'Coral', 3000K 6500K light treatments resulted in higher density of adaxial stomata than 6500K and RB light treatments (Fig. 5a ). In 'Purple', abaxial stomatal density of plants grown in the RB and 3000K 6500K light treatments were higher than those grown under 3000K treatment (Fig. 5b) . Moreover, the abaxial stomatal density of 'Purple' was higher than the adaxial side in all light treatments. RB light treatment resulted in significantly highest adaxial stomatal density in 'Red' (Fig. 5a) .
Influence of light intensity on daily stomatal conductance and width of stomatal aperture
Light intensity significantly affected gs of petunia plants. During photoperiod, plant exposed to the highest light intensity exhibited the highest gs at most time points (Fig. 6a c) . The effect of light intensity on gs is similar in all petunia cultivars and daily time point (Fig. 6a) . The gs value reached the highest point in the first measurement after the lights turned on and then declined continuously towards the end of the day in all light intensity treatments. The widest stomatal aperture was found in petunia plant grown under 250 mol m 2 s 1 light intensity in all cultivars, except in abaxial stomata of 'Purple' in which the widest stomata aperture was found in the 200 mol m 2 s 1 treatment (Fig. 7a f) . For daily stomatal conductance, there was a significant two-way interaction between cultivar time of day (Fig. 6a) . For width of adaxial and abaxial stomata aperture, there were significant interactions between light intensity cultivar, light intensity time of day and cultivar time of day ( Fig. 7a and b) .
The influence of light intensity on stomatal density
In all cultivars, the lowest stomatal density was found in the plants that were exposed to lowest light intensity, except in abaxial stomatal density of 'Coral' where stomatal density of plants grown under 150 mol m 2 s 1 was equal to those of plant grown under 200 mol m 2 s 1 (Fig. 8a  and b) . In 'Coral', the highest abaxial stomatal density was found in 250 mol m 2 s 1 light treatments whereas the highest adaxial stomatal density of 'Red' was found at 200 mol m 2 s 1 . Based on ANOVA results, there was a significant interaction between light intensity and cultivar for stomatal density (Fig. 8a and b) .
DISCUSSION
Fluctuation of gs during the day has been reported in various crops grown in growth chambers, greenhouses and open-fields (Wartinger et al., 1990; Cornish et al., 1991; Correia et al., 1997; Wheeler et al., 1999; Sabir and Yazar, 2015) . In most cases, a similar pattern is found in which gs values increase after exposure to light in the morning and then decline continuously through the afternoon (Wartinger et al., 1990; Correia et al., 1997; He et al., 2001; Kim et al., 2004) . The amplitude of gs fluctuation, however, seems to be different among plant species, cultivars, physiological status, developmental stage and variation of environmental factors (Correia et al., 1997; Mattos et al., 1997; Shimono et al., 2010; Yano et al., 2013; Sabir and Yazar, 2015) . In this study, all three petunia cultivars exhibited a typical pattern of daily gs fluctuation (Figs. 3 and 6 ). It has been reported that change of VPD and CO2 concentration could Environ. Control Biol. affect gs of plants (Wheeler et al., 1999; Lu et al., 2015) . Thus, daily variations of VPD and CO2 concentration in the semi-closed system used in this study could be the causes of this gs fluctuation (Fig. 1) . Moreover, there was a clear difference in terms of the amplitude of gs fluctuation among the cultivars. 'Coral' had overall higher gs than the other two cultivars and the difference cannot be explained by variation in stomatal density and width of stomatal aperture as there is no obvious correlation between these two parameters and gs in this study. Similar to the results of this study, variation of gs among cultivars has also been reported in cotton, rice and grape (Cornish et al., 1991; Shimono et al., 2010; Sabir and Yazar, 2015) .
The results also showed that light quality significantly affects daily gs changes in this system, (Fig. 3a) which is consistent with the results from the study on lettuce by Kim et al. (2004) . However, it is difficult to generalize the effect of individual light treatments on daily gs patterns since the effect of light quality is dependent on cultivar and time of day (Fig. 3a) . Previous studies have shown a positive correlation between proportion of blue light and gs values (Hogewoning et al., 2010; Hernández and Kubota, 2016) .
In this work, the proportion of blue light in each light treatment followed this order: RB 6500K 6500K 3200K 3200K (Table 2) . However, gs of petunia did not respond to blue light in a dose dependent manner. This apparent contradictory result could occur because previous studies mostly applied light treatment for a few hours or days before measuring gs (Turner, 1970; Talbott et al., 2002; Lee et al., 2007; Matsuda et al., 2007; Wang et al., 2011; Hernández and Kubota, 2016) , whereas this study applied all the light treatments for one month before taking the measurement. A much longer exposure to a certain light treatment could lead to acclimation of stomatal response. Indeed, it was found that the sensitivity of stomata to blue light can change with variation in environmental conditions (Frechilla et al., 2004) . Moreover, it has been shown that narrow-spectrum or monochromatic lights were less efficient on stimulating gs than broad-spectrum light (Yorio et al., 2001; Lee et al., 2007) . This is not evident in this study as there is no clear difference between white light treatments and RB treatment in gs (Fig. 3) .
Numerous studies have shown positive correlations between light intensity and gs (Sharkey and Raschke, 1981;  Vol. 55, No. 2 (2017) Lee et al., 2007; Hattori et al., 2007; Sabir and Yazar, 2015) . Most of these studies have focused on single time point analysis, whereas very little is known about the effect of light intensity on daily gs fluctuation patterns. In this study, light intensity positively affected gs of all petunia cultivars in a similar way (Fig. 6a ). An increase of gs in response to higher light intensity may be partially explained by an increasing stomatal density (Fig. 8) . ANOVA results
Environ. Control Biol. indicate that the effect of light intensity on gs was independent of cultivar and time of day (Fig. 6a) . Therefore, in a growth system where light quality during photoperiod is kept constant, an increase of whole-day light intensity could increase overall gs values, but may not affect daily oscillating patterns of gs in petunia plants. This is consistent with a study on mandarin where plants grown under shade conditions had overall lower gs than non-shaded plants but still exhibited a similar daily gs fluctuation pattern (Yano et al., 2013) . Opening of stomatal apertures in response to light period was obvious in all petunia cultivars but there was no clear synchronization between gs values and width of either adaxial or abaxial stomatal apertures during photoperiod in this study (Figs. 3, 4, 6 and 7) . These results suggest that fluctuation of gs may be caused by the combining effect of both adaxial and abaxial stomata aperture movements. It has been reported that blue light is more effective than red and green light on stimulating opening of stomata (Sharkey and Raschke, 1981; Lu et al., 1993; Assmann and Shimazaki, 1999; Talbott et al., 2002) . In this study, the widest adaxial stomatal apertures of all petunia cultivars was found in the 6500K 3200K light treatment, not in the RB light treatment which has the highest proportion of blue light and the lowest proportion of green light (Fig. 4a, c and  e) . Therefore, the effect of blue light alone may not explain the result of long term exposure to the 6500K 3200K light treatment on adaxial stomatal apertures in these plants. It is conceivable that opening of stomata in petunia may be regulated by some complex interplay between the effect of red, green and blue light. In fact, previous studies have shown that stomatal response to blue light was influenced by green, red and far-red light and environmental acclimation (Lu et al., 1993; Talbott et al., 2002; Frechilla et al., 2004) .
Interestingly, 'Purple' is the only petunia cultivar in which adaxial stomatal apertures respond to light intensity in a dose-dependent manner (Fig. 7c ). This could be because the canopy of 'Purple' tends to spread horizontally and therefore provides greater uniformity of light intensities to leaves than the other two cultivars in which the canopies have a predominantly vertical spread.
Light quality and intensity has been found to affect stomatal development (Lee et al., 2007; Casson and Gray, 2008) . In this study, the effects of light quality and intensity on stomatal density of petunia are strongly depended on cultivar (Figs. 5a, b, 8a, b) . Various studies have shown that stomatal density is linked to light intensity; initially increasing with increasing light intensity (Thomas et al., 2004; Peri et al., 2007; Lee et al., 2007; Fan et al., 2013) and when the intensity exceeds a certain value, stomatal density declines (Fan et al., 2013) . This was obvious in cases of adaxial stomatal density of 'Purple' and 'Red' where stomatal density is increased when light intensity increased from 150 to 200 mol m 2 s 1 , then stomatal density declined when light intensity increased to 250 mol m 2 s 1 (Fig. 8a) . Decreasing of stomatal density could be a protective mechanism to prevent excessive water loss through transpiration under high light condition (Haliapas et al., 2008; Sellin et al., 2008) . In 'Coral', an increase of light intensity from 150 to 250 mol m 2 s 1 was not enough to induce a significant enhancement of adaxial stomatal density. However, in case of abaxial stomatal density, an increasing of light intensity to 250 mol m 2 s 1 resulted in significantly higher stomatal density than other light treatments ( Fig. 8a and b) . Hence, there seems to be a threshold value where the effect of light intensity on stomatal density is significant and this threshold appears to be different among the petunia cultivars and side of leaf surface.
In conclusion, the variations of gs observed due to light quality and cultivar will be very important in optimizing growth of petunia in systems such as this. For example, the optimal CO2 concentration in the morning and evening for 'Purple' petunia plants grown under 3200K 6500K may be higher than noon. This is based on the result which showed that gs value of 'Purple' peaked in the morning, then declined at noon, and increased again in the evening when grown under 3200K 6500K LED light (Fig. 3b) .
Appropriate management of CO2 concentration may prevent unnecessary loss of CO2 through daily ventilation. Moreover, the variations of gs between cultivars mean that optimum CO2 conditions will need to be determined for each cultivar. In contrast to the effect of light quality, the effect of light intensity on gs is independent of cultivar and time of day. Increasing light intensity leads to an increase of overall gs without changing the daily fluctuation pattern. Therefore, it is reasonable to expect that daily water use and optimal CO2 concentration should be increased when light intensity is increased.
